Background/Aims: ATG4B is a cysteine protease required for autophagy, which is a cellular catabolic pathway involved in energy balance. ATG4B expression is elevated during tumor growth in certain types of cancer, suggesting that ATG4B is an attractive target for cancer therapy. However, little is known about the mechanisms through which ATG4B deprivation suppresses the growth of cancer cells. Methods: Cancer cells were transfected with either siRNA against ATG4B or an expression vector encoding wild-type ATG4B
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Introduction
Macroautophagy (hereafter referred to as autophagy) is a selective clearance mechanism that degrades abnormal cellular components and generates ATP in eukaryotic cells experiencing starvation conditions. Autophagy-related (ATG) genes are required for the presence of autophagy machinery in cells. ATG4 is a cysteine protease that hydrolyses ATG8 at the C-terminal region to expose a glycine residue that can then conjugate with phosphatidylethanolamine (ATG8-II), an action that is required for autophagosome formation [1] . The mammalian orthologs of yeast ATG4 include ATG4A (autophagin-2), ATG4B (autophagin-1), ATG4C (autophagin-3) and ATG4D (autophagin-4) [2] . Among ATG4 members, ATG4B is the most potent and has a wide range of proteolytic activities on ATG8 orthologs in mammalian cells; these orthologs include MAP1LC3 (A, B and C) and GABARAP (GABARAP, GABARAPL1 and GABARAPL2) subfamilies [3] [4] [5] . ATG4B is also required for the deconjugation of MAP1LC3-II from non-autophagosomes or from autophagosomes to upregulate the autophagy machinery [6] . Crystal structure results show that the autoinhibitory N-terminal tail of ATG4B can be stabilized by non-substrate MAP1LC3, facilitating its targeting of membrane-bound MAP1LC3-II [7] . A recent study indicated that the phosphorylation of ATG4B at Ser383 and Ser392 is induced to increase proteolytic activity, thus delipidating membrane-bound MAP1LC3-II in starved cells [8] . These results suggest that tight regulation of ATG4B is crucial for the deconjugation of membrane-bound MAP1LC3-II and the facilitation of autophagy.
The association of ATG4B with cancer has been recently reported [9] [10] [11] . In colorectal cancer patients, ATG4B is highly expressed in tumor cells, whereas it is minimally expressed in adjacent normal cells [10] . Likewise, ATG4B and its family members are upregulated in CD34 + chronic myeloid leukemia (CML) patients, resulting in drug resistance [11] . Silencing ATG4B significantly suppresses colorectal cancer cell growth and sensitizes HER2-positive breast cancer cells to treatment with trastuzumab [12] . Overexpression of the dominant negative mutant ATG4B
C74A decreases cell viability in hepatocellular carcinoma [13] and sensitizes prostate cancer C42 and PC3 cells to chemotherapeutic drugs and radiation [14] . However, Atg4b-knockout mice have impaired autophagic flux that reduces protein secretion and causes inner ear imbalance and bone resorption [15, 16] . The mice lacking ATG4B are perfectly viable and do not have serious abnormalities [17] , implying that ATG4B might be an attractive target for cancer therapy.
Autophagy inhibition has been found to reduce ATP levels in cells [18, 19] . AMPactivated protein kinase (AMPK) is activated in cells with low ATP levels to arrest cell cycle progression and promote ATP production [20] , suggesting that autophagy inhibition may stimulate a positive feedback loop for AMPK activation to suppress cell proliferation. Liver kinase B1 (LKB1) is the main upstream kinase required for phosphorylation at Thr172 in the activation loop of AMPK [21] . Thus, LKB1-AMPK serves as a nutrient and energy sensor to balance ATP levels in cells. Moreover, the mechanistic target of rapamycin complex 1 (mTORC1) is a downstream effector of AMPK and comprises mTOR and several binding partners, such as the regulatory associated protein of mTOR (raptor), mammalian lethal with SEC13 protein 8 (MLST8) and proline-rich AKT1 substrate 1 (PRAS) [22] . 4EBP1 and ribosomal S6 kinase are recruited by raptor to mTORC1 for their activation and modulate cell proliferation [23] . AMPK phosphorylates raptor and triggers a 14-3-3 association with the phosphorylated raptor to block mTORC1's ability to bind to its substrates, which in turn inhibits cell proliferation [24] . In addition, AMPK can directly phosphorylate and stabilize p27 kip1 or indirectly increase the expression of p27 kip1 [25] , which is a negative regulator of cell cycle progression. These results indicate that AMPK serves as a metabolic checkpoint for cell growth based on cell energy status.
To date, little is known about the mechanisms of targeting ATG4B for tumor suppression. Thus, we aimed to determine the mechanisms by which ATG4B affects cancer cell proliferation. In this study, ATG4B knockdown blocked the G 1 reduced ATP levels and increased the phosphorylation of AMPK and raptor in the cancer cells, whereas ATG4B knockdown had little or no effect on AMPK phosphorylation and cell cycle arrest in LKB1-deficient cells. Our results suggest that the knockdown of ATG4B may activate the LKB1-AMPK energy-sensing pathway and thereby suppress cancer cell proliferation.
Materials and Methods
Plasmids and siRNA transfection Human neuroblastoma H4 cells, breast cancer MCF-7 and MDA-MB-231 cells, prostate cancer PPC1 cells, and cervical cancer HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, 12100-046) containing 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 mg/ml). The cells were reverse transfected with scrambled siRNA (Life Technologies, 12935-112) or siRNA against ATG4B (Life Technologies, 20218, s23245, s23246) for 72 h using the transfection reagent RNAiMAX (Life Technologies, 13778-150). For plasmid transfection, the cells were transfected with 2 μg of cherrytagged ATG4B
WT or ATG4B C74A using Lipofectamine 2000 transfection reagent (Invitrogen, 11668-027) for 24 h. The cells were harvested for either protein expression analysis by immunoblotting or cell cycle analysis by flow cytometry.
Generation of stable cell line shRNAs against the 3'UTR of ATG4B (TRCN0000073801) were obtained from The RNAi Consortium (TRC, Taiwan). The plasmid (2 μg) was mixed with Lipofectamine 2000 (Life Technologies, 11668-027) and transfected into 293FT cells (1 × 10 6 cells). The supernatant was harvested after 2 days and centrifuged to remove cell debris and to collect virus particles used to infect H4 cells. The infected H4 cells were selected with puromycin (1 μg/ml) for 14 days to obtain ATG4B-knockdown cells. The cells lacking ATG4B expression were further transfected with an expression vector encoding cherry or cherry-tagged ATG4B WT and ATG4B
C74A
. The cells were selected with geneticin (800 mg/ml, Thermo Fisher Scientific, 10131035), and the cherry-expressing cells were purified with a BD FACSAria™ III sorter (Becton Dickinson).
Immunoblotting
The silenced cells were treated with or without the autophagy inhibitors BafA1 (Millipore, 196000) or CQ (Sigma-Aldrich, C6628) and then lysed in RIPA buffer (1% NP40, 50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.25% sodium deoxycholate, 1% sodium dodecyl sulfate (SDS), protease inhibitor cocktail and phosphatase inhibitor). The proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes for immunoblotting. The membrane were rinsed with Odyssey Blocking Buffer (Li-COR, 927-50000) and then incubated overnight at 4°C with primary antibodies against ATG4B (A2981), MAP1LC3 (L7543) and ACTB (A5441) (purchased from Sigma-Aldrich); p27 kip1 (purchased from Santa Cruz Biotechnology); and CCND1 (cyclin D1, 2926), pThr172-AMPK (5536), AMPK (2532), pSer792-raptor (2083) and raptor (2280) (purchased from Cell Signaling Technology). The proteins were probed with an HRP-labeled secondary antibody (Santa Cruz Biotechnology, sc-2004 or sc-2005) and detected with an ECL reagent. The membrane was scanned and analyzed for protein expression levels using the ChemiDoc XRS Imaging System (Bio-Rad). The protein levels were measured using ImageJ software.
Fluorescence microscopy
The cells harboring the GFP-MAP1LC3 expression vector were seeded on gelatin-coated glass slides for 24 h. The cells were transfected with siRNA for 72 h, fixed with 3.7% paraformaldehyde at room temperature for 15 min and then washed with PBS three times prior to observation. The GFP-MAP1LC3 puncta were observed under a fluorescence microscope, and the number of GFP-MAP1LC3 puncta in each cell was counted for quantification.
Cell viability assay and ATP measurement
To assay cell viability, the cells were seeded in a 96-well white plate (Greiner, 655083) and transfected with 5 nM scrambled siRNA or pooled siRNA against ATG4B for various time points. CellTiter-Glo (Promega, 
Clonogenic assay
The cells were seeded in 6-well plates and transfected with scrambled siRNA or pooled siRNA against ATG4B. The culture medium was changed every 3 days for 2-3 weeks. The cell colonies were fixed and stained with 0.25% crystal violet at room temperature for 30 min as previously reported [10] . The stained cells were washed with PBS to remove the background, enabling observation of the colonies. The colonies over 1 mm were counted and quantified with Prism 5.0 (Graph-Pad).
Flow cytometry for cell cycle and proliferation analyses
To analyze the cell cycle distribution, the siRNA-transfected or compound C (Millipore, 171260)-treated cells were rinsed with PBS and then fixed in 75% ethanol at -20°C overnight. The fixed cells were then stained with propidium iodide (50 µg/ml, Sigma-Aldrich) and RNase A (25 µg/ml, Sigma-Aldrich) on ice for 30 min. The cell cycle proportions of stained cells were analyzed using a FACScan flow cytometer (Becton Dickinson). To precisely quantitate the S phase population of the cells, the cells were treated with 10 µM BrdU for 1.5 h and then fixed for further probing with a fluorescein isothiocyanate (FITC)-conjugated antiBrdU antibody and 7-aminoactinomycin D (7AAD). The S phase proportion of stained cells was determined using a FACScan flow cytometer (Becton Dickinson) and analyzed by FlowJo software (Tree Star).
Statistical analysis
All the data are expressed as the mean ± SEM from three individual experiments. The statistical analysis was performed using a nonparametric 2-tailed Student's t-test with Prism 5.0 (Graph-Pad). p values lower than 0.05 were considered significant.
Results

Knockdown of ATG4B induced cell cycle arrest in various cancer cells
Based on reports of the oncogenic roles of ATG4B in patients with colorectal cancer and CML [10, 11], we confirmed a role for ATG4B in tumor growth in various human cancer cells, including human neuroblastoma H4 cells, breast cancer MCF-7 cells and prostate cancer PPC1 cells. Silencing ATG4B with three individual or pooled siRNAs against ATG4B suppressed ATG4B expression (Fig. 1A) . Consistent with the knockdown efficiency shown in the immunoblotting results, silencing ATG4B resulted in lower cell viability in the cancer cells (Fig. 1B) . To minimize the off-target effects of siRNAs targeting ATG4B, pooled siRNAs were used to knockdown ATG4B for subsequent experiments. The colony formation of cells transfected with pooled siRNA against ATG4B was considerably less in these cancer cells (Fig. 1C and 1D) .
Cell cycle analysis was used to evaluate whether the tumor-suppressive effects of silencing ATG4B occurred because of cell cycle arrest or cell death. Knockdown of ATG4B in cancer cells increased the percentage of cells in G 1 phase and accordingly decreased the percentage of cells in S phase, whereas ATG4B knockdown had little to no effect on the proportion of cells in subG 1 phase (Figs. 2A) . These results suggest that knockdown of ATG4B led to cell cycle arrest in cancer cells rather than inducing cell death. To more precisely measure the population of cells in S phase, a BrdU incorporation assay was employed for the cancer cells silenced by siRNA against ATG4B (Fig. 2B) . The ATG4B-knockdown cancer cells had significantly fewer BrdU-positive cells (Fig. 2C) . Likewise, cells silenced with siRNA against ATG4B were further stained with BrdU-7AAD to measure the percentage of cells in G 1 and S phases (Fig. 2D) . The ratio of S/G 1 phase cells was greatly reduced in ATG4B-silenced cells, supporting the idea that ATG4B might be required for cell cycle regulation, particularly in the transition from G 1 to S phase.
Cellular
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Silencing ATG4B diminished autophagy and activated AMPK in cancer cells
Autophagy inhibition also resulted in a reduction in ATP levels, which may activate the AMPK energy-sensing pathway for regulating the cell cycle and balancing ATP levels [18, 24] . ATG4B is a key modulator required by autophagy machinery. We observed that GFP-MAP1LC3-II puncta were increased in ATG4B-silenced cancer cells (Fig. 3A) , which was likely due to reduction in the delipidation of MAP1LC3-II in membranes [6] . With the combination of bafilomycin A1 (BafA1) and the siRNA against ATG4B, the changes in MAP1LC3-II were fewer than those in the control cells, indicating that autophagic flux was diminished in ATG4B-silenced cells (Fig. 3B and 3C) . To determine the effects of ATG4B knockdown on ATP levels, we examined ATP levels in cells silenced with siRNA against ATG4B. Knockdown of ATG4B reduced the ATP levels in the cells (Fig. 3D) . Moreover, the phosphorylation of AMPK at Thr172 and of raptor at Ser792 was increased in ATG4B-silenced cells (Figs. 3E) . The levels of p27 kip1 and cyclin D1 (CCND1), downstream effectors of AMPK and mTORC1 that are involved in cell cycle regulation at the G 1 -S phase transition, were also accordingly increased and decreased, respectively.
Because AMPK can increase p27 kip1 expression and stability [25] , p27 kip1 expression was further evaluated in ATG4B-silenced cells with proteasomal or lysosomal inhibitors (Fig. 3F) . The increased p27 kip1 in ATG4B-knockdown cells was modestly augmented by proteasomal or lysosomal inhibitors (Fig. 3G) , suggesting that silencing ATG4B might increase both the expression and stability of p27 kip1 . More importantly, compound C, an AMPK inhibitor, blunted the increased number of cells in G 1 phase in ATG4B-silenced cancer cells (Fig. 3H) , indicating that AMPK plays a role in cell cycle modulation in cells when silencing ATG4B.
To further determine whether the LKB1-AMPK energy-sensing pathway is involved in G 1 phase arrest in ATG4B-silenced cells, the human cervical cancer HeLa cell line, an LKB1 null cell line, was transfected with scrambled siRNA or siRNA against ATG4B and ATP levels, AMPK phosphorylation and cell cycle distribution were measured (Fig. 4A-C) . Although the ATP level was reduced in ATG4B-silenced HeLa cells, the phosphorylation of AMPK and raptor was not elevated. Consistently, knockdown of ATG4B did not alter colony formation or cell cycle distribution compared to the cells with scrambled siRNA (Fig. 4C ). In addition, HeLa cells are phenotypically null cells for p53, which negatively regulates cell cycle progression mainly through its transcriptional target, p21 [26] . We further evaluated whether p53 is involved in cell cycle arrest in ATG4B-silenced cells. Knockdown of ATG4B in H4 and MCF-7 cells did not alter the phosphorylation of p53 or the expression of its downstream target, p21 (data not shown). Moreover, silencing ATG4B inhibited cell growth and arrested the cell cycle at G 1 phase in MDA-MB-231 cells, which bear the p53 mutant R280K [27] (Fig. 4D  and 4E ). In addition, silencing LKB1 diminished G 1 phase arrest caused by the knockdown of ATG4B in cells (Fig. 4F) , suggesting that the LKB1-AMPK energy-sensing pathway might be involved in cell cycle arrest at G 1 phase in certain cancer cells when ATG4B is silenced by siRNA.
ATG4B
C74A catalytic mutant increased the phosphorylation of AMPK and arrested cell cycle progression
To further determine if the proteolytic activity of ATG4B is required for the proliferation of cancer cells, H4 cells were stably infected with shRNA against the 3'UTR of ATG4B to knockdown endogenous ATG4B and were reconstituted with cherry-tagged expression vectors encoding wild-type (ATG4B WT ) or catalytic mutant (ATG4B
C74A
) proteins (Fig. 5) . In C74A expression vector (Fig. 5A) . Likewise, the proportions of G 1 and BrdU-positive cells in ATG4B C74A -reconstituted cells were elevated and diminished, respectively (Figs. 5B, 5C ). Furthermore, we evaluated whether the molecular signaling mentioned above is involved in cell cycle 
-reconstituted cells. Similar to ATG4B-silenced cells, the level of GFP-MAP1LC3-II puncta was increased in ATG4B C74A -reconstituted cells (Fig. 5D) , indicating the dominant role of ATG4B in the delipidation of MAP1LC3-II from non-autophagosomes or autophagosomes to facilitate autophagy as previously reported [6] . AMPK phosphorylation was significantly elevated in stable knockdown cells and ATG4B
-expressing cells compared with ATG4B
WT -expressing cells (Fig. 5E ). The downstream effectors of AMPK, including raptor phosphorylation and p27 kip1 expression, were increased accordingly in stable knockdown and ATG4B C74A -expressing cells. In contrast to ATG4B
WT -reconstituted cells, the ATP level was decreased in ATG4B C74A -reconstituted cells (Fig. 5F) . Treatment with the AMPK inhibitor compound C partially blunted the increase in the number of cells in G 1 phase caused by stable knockdown of ATG4B or the ectopically expressed ATG4B C74A mutant (Fig. 5G) . These results indicate that ATG4B
C74A may inhibit autophagy, lower ATP levels and, in turn, activate AMPK for cell growth arrest, particularly in the G 1 -S phase transition in cancer cells. 
Discussion
ATG4B is a cysteine protease required by autophagy machinery in mammalian cells. Elevated expression of ATG4B has been observed in colorectal cancer and CML patients [10, 11] . Knockdown of ATG4B suppresses tumor growth in vitro and in vivo [10, 11] . However, little is known about the detailed mechanisms by which silencing ATG4B suppresses tumors. In addition, the dependency of tumor suppression on the proteolytic activity of ATG4B is not clear. In this study, our findings reveal the following. First, knockdown of ATG4B arrested the cell cycle at G 1 phase in several types of cancer cells, although not in LKB-1 null HeLa cells. Second, silencing ATG4B inhibited autophagy, reduced ATP levels and increased AMPK phosphorylation in the cells. Treatment with the AMPK inhibitor compound C diminished the G 1 phase arrest caused by knockdown of ATG4B. Third, overexpression of the dominant negative mutant ATG4B C74A increased AMPK phosphorylation and arrested cell cycle progression, suggesting that the genetic and pharmacological ablation of ATG4B might trigger the LKB1-AMPK energy-sensing pathway to block cell cycle progression at the G 1 -S phase transition in cancer cells.
ATG4B is the most active member of the ATG4 family and is responsible for MAP1LC3/ GABARAP conjugation and deconjugation, facilitating autophagy in mammalian cells. ATG4 knockdown or overexpression of an ATG4B catalytic mutant impairs both the deconjugation of MAP1LC3/GABARAP orthologs and autophagosome maturation, which may, in turn, block autophagosome fusion with lysosomes [6, 28, 29] . Knockdown of ATG4B increases the MAP1LC3-II levels and GFP-MAP1LC3 puncta to suppress autophagic flux in breast cancer cells [10, 12] . In accordance with previous studies, our results show that knockdown of ATG4B increased the levels of MAP1LC3-II and GFP-MAP1LC3 puncta in cancer cells. Similar effects of increased MAP1LC3-II and decreased ATP levels were also observed in cells ectopically expressing ATG4B
C74A
. These results imply that targeting ATG4B may initially attenuate autophagy and then trigger the energy-sensing pathway to induce cell cycle arrest. However, knockdown of ATG4B induced autophagic flux in colorectal cancer cells [10] likely due to alternative routes for autophagy modulation and the complicated nature of these routes in various types of cancer when ATG4B is targeted. In addition, overexpression of either ATG4B
WT or ATG4B C74A reduces levels of the ATG7-MAP1LC3 intermediate in cells [29] , indicating that excess ATG4B might result in MAP1LC3-I accumulation. Our current results also show that the overexpression of either the ATG4B WT or ATG4B C74A mutant caused MAP1LC3-I accumulation in the cells, while silencing ATG4B reduced levels of the MAP1LC3-I form in the cells. These results raise the possibility that an autophagy-independent function of ATG4B might be involved in tumor proliferation. Therefore, verifying the dependence of autophagic flux on silencing ATG4B-induced cell cycle arrest may require further study.
AMPK is activated and serves as an energy sensor to control cell cycle progression and autophagy in cells under nutrient deprivation or stressed conditions [30, 31] . AMPK not only directly phosphorylates cyclin-dependent kinase inhibitor p27 kip1 at Thr198 to stabilize p27 kip1 in the nucleus but also indirectly activates FoxO3a to induce p27 kip1 expression, which, in turn, arrests the cell cycle at G 1 phase [25, 30] . p27 kip1 expression was increased in ATG4B-silenced cancer cells with and without proteasomal and lysosomal inhibitor treatment, implying that the transcriptional regulation of p27 kip1 may be increased in ATG4B knockdown cells. In addition, mTORC1 is a nutrient-responsive regulator of cell proliferation and is repressed by AMPK through either the phosphorylation of raptor [24] or the inhibition of Rheb [32] , a GTP-binding protein required for mTORC1 activation. mTOR decreases CCND1 translation and results in cell cycle arrest at G 1 phase [33, 34] . Combining these data with the results from our study, we propose that knockdown of ATG4B may transiently block autophagy to decrease ATP levels and provide feedback to activate AMPK for cell cycle arrest.
Several studies have revealed that ATG4B is highly expressed in cancer patients and that silencing ATG4B suppresses tumor growth in vitro and in a xenografted mouse model [10] [11] [12] . However, to date, the detailed mechanisms for the tumor-suppressive effects of ATG4B knockdown in cancer cells remain unclear. Our data show that silencing ATG4B Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry might activate the LKB1-AMPK pathway to arrest the cell cycle at G 1 phase in cancer cells. Although AMPK might be activated by several other kinases, such as Ca(2+)/calmodulindependent kinase (CAMKK2) [35] and mixed-lineage kinases 3 (MLK3) [36] , our findings suggest that AMPK might be a suitable marker for tumor-suppressive effects in cancer cells when ATG4B is targeted. Moreover, AMPK is involved in sensitization of cancer cells to chemotherapeutic drugs [37, 38] , implying that combinational treatment with ATG4B inhibitor and chemotherapeutic drugs might provide a potential cancer therapy in the future.
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